In recent years, the cleanup of oil-contaminated sites by bioremediation has attracted much attention. In order to perform an effective bioremediation, suitable oil-degrading microorganisms should be induced in the remediation site with the accompanying nutrients. In this study, we investigated the bioremediation effects of 4 interventions-compost derived from food waste (food-waste compost), chemical nutrients, mushroom, and biofertilizer-versus no intervention (control) in a bioremediation field trial of oil-contaminated soil. Whereas the concentration of total petroleum hydrocarbons (TPH) in the control section remained largely unchanged throughout the experiment, large reductions in TPH concentrations were seen with all interventions. In particular, compost greatly decreased TPH concentrations, from 8,300 ppm to 2,300 ppm after 74 days. Furthermore, we obtained an understanding of the behavior of oil-degrading bacteria by quantifying the alkane monooxygenase genes (alkB and alkM), the catechol 1,2-dioxygenase gene (C12O gene), and the catechol 2,3-dioxygenase gene (C23O gene). We observed a tendency for oil-degrading bacteria to increase proportionally in the sections in which THP degradation was observed. In particular, compost was more effective than the other interventions in inducing the growth of bacteria possessing the alkM and C23O gene, resulting in a significant reduction in the concentration of alkanes and aromatics. Thus, we demonstrated that the application of food-waste compost to bioremediation was very effective. This technique can simultaneously solve the 2 environmental problems of petroleum pollution and the increase in food waste.
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INTRODUCTION
Petroleum is one of the most important resources in the current industrial economy. However, the petroleum pollution of soil and aquatic environments is a problem worldwide; the mandatory cleanup of such polluted sites has been imposed by various laws. In Japan, the cleanup method is shown through guidelines for countermeasures against oil contamination. Although physical and chemical techniques are mainly used, bioremediation has been used in recent times to clean up petrole-um-polluted sites. Bioremediation is a technique that uses the metabolic activities of microorganisms to degrade pollutants. Therefore, it has the advantage that no secondary environmental pollution is created if the microorganisms' metabolic activities are in the range of natural degradation; moreover, this technique can be accomplished at a low cost. In order to perform an effective bioremediation, suitable oil-degrading microorganisms should be induced in the remediation site with the accompanying nutrients.
In addition to petroleum pollution, the environmental problem of an increase in food waste has arisen with the economic development of Japan. Therefore, the food recycling law was enforced in 2001, and the composting of food waste has been performed productively. The main uses of food-waste compost in 2009 were feed (72%) and manure (18%) (announced by the Ministry of Agriculture, Forestry, and Fisheries). However, in the present circumstances, the supply-and-demand balance of food-waste compost cannot be maintained. Thus, there is compost that is discarded without being used. Consequently, it is important to use food-waste compost productively and to solve the supply-and-demand imbalance gradually.
In this study, in order to solve these problems simultaneously, the use of food-waste compost as a bioremediation intervention was examined. Because nutrients and microorganisms are abundant in food-waste compost, the promotion of oil degradation was expected. Many studies of the effects of nutrients and microorganisms on bioremediation have been done using microcosm experiments 1)-5) . However, an actual bioremediation environment differs greatly from that of a microcosm, and a treatability test in the open field is very important. In Japan, there are some reports on bioremediation conducted at the actual petroleum-polluted site 6), 7) , but the number is few. Although there is also a report which confirmed oil degradation by compost, it used pre-cultured compost containing effective microorganisms for remediation 8) . Therefore, we conducted an examination of oil bioremediation in the field and verified the effects of oil degradation by food-waste compost without pre-culture. In addition, we also monitored the oil-degrading enzyme genes and clarified the microbial system in oil degradation.
MATERIALS AND METHODS (1) Preparation of food-waste compost
The following materials were used for the compost: 100 kg of food waste and flowers from a hotel, 100 kg of crushed rice hulls, 20 kg of the soil medium used for cultivation of Hypsizygus marmoreus "shimeji haibaiti", 3 kg of rice bran, and 50 kg of rice hulls. These materials were mixed well with water and then fermented on rice hulls at ambient temperature. The compost was mixed after 4 days, and a compost of intermediate ripeness was recovered after 20 days and used for the experiment.
(2) Experimental design
Bioremediation was conducted in the field at an oil factory site in Japan from August to November 2006 (the range of the average temperature per day was 9.5 to 31.5 °C, and the range of precipitation per day was 0 to 50.5 mm). The setup is shown in Fig. 1 . We designed the following test sections with soil (2,000 kg for each section) that was contaminated with 4,700 ppm total petroleum hydrocarbons (TPH): control section (no treatment), compost section (containing the above-described compost at . Chemical nutrients, mushroom, and biofertilizer were used as comparisons to the food-waste compost, and the quantities of each intervention were consistent with agricultural use. All test sections, except for the mushroom section, were aerobically stirred approximately every 2 weeks during the experiment. For the mushroom section, stirring was not conducted so that growth of hyphae might not be barred.
(3) Analysis of TPH and DNA extraction
Approximately every 2 weeks, 20 g of soil samples was collected from each test section in tripli- cate and stirred; TPH was extracted with dichloromethane with the Soxhlet extraction method. Following this, the extracted TPH was fractionated by column chromatography into alkane, aromatic, resin, and asphaltene fractions, and the concentration of each fraction was determined by the gravimetric method.
DNA was extracted from approximately 0.5 g of each soil sample with the FastDNA ® SPIN Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, USA) according to the manufacturer's protocol.
(4) Quantification of 16S rRNA gene
In order to quantify the total number of bacterial genomes in each sample, real-time polymerase chain reaction (PCR) assays were conducted on a LightCycler ® 1.5 (Roche Applied Science, Basel, Switzerland) using LightCycler ® FastStart DNA Master PLUS SYBR Green I (Roche Applied Science). The real-time PCR mixtures (final volume, 20 μL) contained 5× Master Mix, 0.2 μM each of primer (see Table 1 ), and template DNA. The real-time PCR program was 10 min at 94 °C, 30 cycles at 94 °C for 10 s, 55 °C for 5 s, and 72 °C for 8 s (a signal was acquired at the end of this step). All samples were quantified in triplicate, and the PCR products were assessed with a melting curve analysis. Data analysis was conducted with LightCycler (5) Analysis of bacterial community structure The bacterial community structure was investigated by denaturing gradient gel electrophoresis (DGGE) with 16S rRNA gene-targeted PCR products. DGGE was performed with a D-Code Universal Mutation Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA), on a gradient gel (30-60% of denaturant) at 60 °C for 18 h.
In order to evaluate the safety of the use of food-waste compost as an intervention, a sequence analysis was also conducted. As compared with bands in the control section, specific bands in the compost section were extracted. Freshly prepared PCR products were purified with the QIAEX ® II Gel Extraction Kit (QIAGEN, Benelux B. V., Venlo, Netherlands) and sequenced with a Big Dye ® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) using an ABI PRISM TM 377 DNA Sequencer (Applied Biosystems). A homology search of the sequence data that was obtained was conducted with BLAST (DNA Data Bank of Japan).
(6) Quantification of oil-degrading enzyme genes
In order to monitor the oil-degrading bacteria, the alkane monooxygenase genes (alkB and alkM), the catechol 1,2-dioxygenase gene (C12O gene), and the catechol 2,3-dioxygenase gene (C23O gene) were quantified with real-time PCR. With 0.5 μM of each primer shown in Table 1 (designed in this a D, not C; H, not G; K, T, or G; N, any; R, A, or G; S, G, or C; V, not T; W, A, or T; Y, T, or C b NA, not applicable c In order to prevent detection of non-target products, the acquisition step was added for 1 s after the elongation step. study), a real-time PCR assay was conducted with the same method as that used for the 16S rRNA gene. However, annealing temperatures, elongation times, and acquisition temperatures were optimized for each gene (Table 1) , and each PCR step was maintained until the graph of the cycle number (x-axis) versus the fluorescence intensity (y-axis) described a sigmoid curve. Standard curves were established using the dilution series of each gene fragment (alkB, Rhodococcus erythropolis JCM2893; alkM, Acinetobacter sp. NCIMB8250; C12O gene, Sinorhizobium sp. HF6; C23O gene, Comamonas testosterone R5).
RESULTS AND DISCUSSION (1) Degradation of TPH
The effect of each intervention on the time course of TPH degradation was investigated (Fig. 2) . The TPH concentration in the control section remained largely unchanged throughout the experiment, and it decreased from 4,700 ppm to 4,300 ppm. In contrast, all interventions resulted in a large reduction. After 89 days, the concentrations of TPH were reduced from an initial 4,700 ppm to 2,700 ppm in the chemical nutrient section, 2,800 ppm in the mushroom section, and 2,850 ppm in the biofertilizer section. The differences in degradation among these intervention effects were not significant. However, the maximal TPH degradation rate occurred in the compost section, with the TPH concentration decreasing to 2,300 ppm after 74 days, although it temporarily increased to 8,300 ppm at the start of the experiment. In addition, we confirmed the disappearance of the oil stench only in the compost section; when TPH decreased to 2,500 ppm, one of the indices for the cleanup defined by the guidelines for countermeasures against oil contamination was attained. This may have been due to the presence of edible oil that was derived from the food waste used in the compost. Several reports have indicated that the addition of nonspecific ancillary carbon compounds to the soil may enhance the bioremediation of oil in the soil 10), 11) . Wellman et al. 12) reported similar results; they found that manure-enriched soils remediate faster and more completely than either control soils or those containing inorganic fertilizer ([NH 4 ] 2 SO 4 ).
From the viewpoint of oil composition, the asphaltene content was very low in all test sections (the range of the concentration was 2.7 to 143.0 ppm), and no large changes were observed during the experiment (Fig. 3) . The degradation pattern in the other fractions exhibited the same pattern as the TPH, namely, no substantial changes were evident in any of the fractions in the control section throughout the experiment. In contrast, a decrease in alkanes, aromatics, and resins was seen in the other sections. In particular, compost caused the greatest decrease of about 25-30% in the alkanes, 30-35% in the aromatics, and 37-42% in the resins compared to the other interventions. Our results were consistent with those of Lee et al. 13) , who reported that pig manure compost-amended soil degrades alkanes and aromatics faster than rice hay-amended soil. However, they were unable to confirm the degradation of the polar fraction. It has long been known that resins that are classified in the polar fraction are recalcitrant to biodegradation 14) . In addition, Huesemann and Moore 15) reported that polar compounds are formed during the biodegradation of alkanes and aromatics. Nevertheless, the fact that we observed that compost promoted the degradation of resins was interesting. This novel finding might have resulted from the use of food waste and flowers in the compost material.
(2) Behavior of total bacteria
The effect of each bioremediation intervention on the total bacterial number was investigated with real-time PCR (Fig. 4) . Whereas the 16S rRNA gene copy number in the control section remained largely unchanged throughout the experiment, the gene copy numbers increased during the early days in all intervention sections. In addition, changes in the bacterial community structure during the bioremediation were investigated by a DGGE analysis (Fig. 5) . In all test sections, the bacterial community structure changed intricately, and it was suggested that bacteria was stimulated by stirring of the soil or/and addition of the intervention.
Furthermore, the safety of the use of food-waste compost as an intervention was evaluated by the sequence analysis of specific DGGE bands (Fig. 5) . As a result of a homology search with BLAST, 6 selected DGGE bands had the highest homology with Ruminofilibacter xylanolyticum S1 (DQ141183, band 1), Acinetobacter tandoii MMC24 (EU779841, band 2), Jonesia denitrificans (X83811, band 3), Corynebacterium amycolatum (AB490399, band 4), Saccharopolyspora sp. ASL9 (DQ438939, band 5), and Kocuria sp. E16-1 (AM183352, band 6). The pathogenicities of these bacteria, which were detected in the compost section, have not been reported. Although a more precise evaluation of safety will be required, it is predicted that food-waste compost will not have serious safety problems.
(3) Fate of oil-degrading bacteria
In order to accomplish efficient bioremediation, it is essential to directly monitor the target bacteria or genes that are related to the degradation of contaminants during the bioremediation process. We selected the alkB, alkM, C12O, and C23O genes and quantified their copy numbers with real-time PCR. In order to detect a wide range of oil-degrading bacteria, we collected 247 sequences and designed degenerate primers ( Table 1) . We confirmed that each PCR primer set was specific to a target gene by PCR-DGGE and sequence analyses of environmental soil samples. In addition, we confirmed that each primer set would be effective in detecting a wide range of oil-degrading bacteria by constructing the phylogenetic tree of each gene. Rhodococcus erythropolis JCM2893, Alcanivorax venustensis ISO4, and Mycobacterium smegmatis str.MC2 155 were detected by the primer for alkB; Acinetobacter sp. NCIMB8250 and Acinetobacter sp. ADP1 were detected by the primer for alkM; Sinorhizobium sp. HF6, Acinetobacter sp. NCIMB8250, and Rhodococcus rhodochrous NCIMB13259 were detected by the primer for the C12O gene; and Comamonas testosterone R5, Novosphingobium aromaticivorans F199, Sphingobium yanoikuyae B1, and Pseudomonas putida MT53 plasmid pww53 were detected by the primer for the C23O gene. However, in real-time PCR using SYBR Green, non-target products, including primer dimers, are also detected if they exist in the form of double-stranded DNA. In order to prevent this problem in the quantification of the alkB, alkM, and C23O genes, fluorescence acquisition was performed at a higher temperature ( Table 1 ). In addition, for the quantification of alkM, for which non-target products also exist at a temperature higher than the melting temperature (Tm) of the target product, and the C12O gene, for which fluorescence was not detected by the above-mentioned method despite having confirmed the peak of the target product, the quantity of only the target product was determined with the peak area ratio in the melting curve analysis. Thus, although the general method was improved a little, each standard curve was linear (r 2 >0.98). Changes in the copy number of each oil-degrading enzyme gene are shown in Fig. 6 . These results suggested that the addition of interventions to oil-contaminated soil resulted in an effective increase in oil-degrading bacteria in the soil, leading to TPH degradation. For the degradation of alkanes, bacteria possessing alkB and alkM were induced simultaneously, and they contributed to the degradation ( Fig. 6A and 6B) . In the mushroom section, alkM was not detected after 48 days and bacteria possessing alkB contributed to the degradation of alkanes during the later days. Although it is unknown why such a thing was observed, it is interesting; possibly, other microorganisms which do not possess alkM, such as fungi, contributed to the degradation. For the degradation of aromatics, indigenous bacteria possessing the C23O gene greatly contributed to the degradation in contrast to bacteria possessing the C12O gene ( Fig. 6C and 6D) . In the chemical nutrient and mushroom sections, bacteria possessing the C12O gene were induced in later days, and they contributed to the degradation of aromatics with bacteria possessing the C23O gene. In addition, it became clear that food-waste compost was effective for the induction of bacteria possessing the alkM and C23O genes compared to the other interventions (Fig. 6) . It is known that alkM catalyzes the metabolism of long-chain alkanes (C 12 -) and that the C23O gene mainly functions in the degradation of polynuclear aromatic compounds 16 ), 17) . Long-chain alkanes of floral origin and polynuclear aromatic compounds that are generated by cooking were contained in the food waste that was used as the compost material in this study. Therefore, bacteria possessing the alkM and C23O genes were activated during compost manufacturing, and they likely functioned in the bioremediation of the oil-contaminated soil as well.
CONCLUSIONS
We conducted oil bioremediation in the actual field and verified the effects of food-waste compost as well as those of other interventions. In this study, food-waste compost was the most effective intervention for oil degradation in a field environment with weather changes. In particular, food-waste compost was also effective for the degradation of resins in addition to alkanes and aromatics. Resins are generally considered recalcitrant to biodegradation, and the metabolic pathway that is responsible for the degradation of resins is not well understood 18) . Therefore, further research on the degradation of resins will be needed in the future. Nevertheless, we clarified that food-waste compost was effective for the induction of bacteria possessing the alkM and C23O gene. These bacteria were activated in the manufacture of the compost and likely functioned in the degradation of the alkanes and aromatics as well. In addition, although a more precise evaluation will be required, we confirmed that there was probably no serious safety problem with food-waste compost. Thus, the use of food-waste compost was very effective for the recycling of food waste and the cleanup of petroleum pollution.
